Abstract. Human umbilical cord mesenchymal stem cells (hUCMSCs) have potential clinical applications in different types of diseases. In order to acquire enough cells, hUCMSCs have to be expanded ex vivo. However, it remains to be elucidated whether the characteristics of hUCMSCs are altered during ex vivo expansion. In the present study, the quality of hUCMSCs, which is important for successful therapeutic use, was systematically examined during hUCMSC expansion ex vivo. Morphologically, hUCMSCs exhibited no visible changes during culture. In addition, hUCMSCs retained their proliferative ability between passages 0-5. At the molecular level, the cells continued expressing the specific positive surface markers, CD29, CD73 and CD90, and did not express the negative surface markers, CD14, CD34 or CD45, during culture ex vivo. Furthermore, the hUCMSCs exhibited low immunogenicity, which was maintained when cultured for five passages. However, the immunological properties of hUCMSCs were altered at passage 10, at which the percentage of hUCMSCs expressing human leukocyte antigen-I was significantly increased. Collectively, these results suggested that hUCMSCs used for cell-based therapies require obtaining from cells, which have been expanded for fewer than five passages.
Introduction
Mesenchymal stem cells (MSCs) are multipotent stromal cells (1) . MSCs can differentiate into different types of cells (1) , including osteoblasts (2), chondrocytes, adipocytes (3) and neuronal cells (4, 5) . Morphologically, MSCs are thin and long with small cell bodies (1) . At the molecular level, MSCs express specific surface markers, including CD29, CD73 and CD90, however, they do not express CD14, CD34 or CD45 (6) (7) (8) (9) (10) (11) . In addition, MSCs have immunological characteristics of immune suppression and immune avoidance (12, 13) .
MSCs are widely used for the treatment of numerous diseases, including tissue injury and immune disorders (14) . For example, the differentiation of MSCs to connective tissues has been applied in tissue engineering; MSCs are implanted in to a tissue-specific scaffold and regenerate damaged cartilage and bones (15, 16) . In addition, MSCs secrete various factors, which assist in repairing or regenerating cardiac tissues, brain tissues and menisci (17) (18) (19) . Ex vivo and preclinical studies have demonstrated that MSCs are important in the proliferation of immune cells and act as immunomodulators in tissue transplantation (20) (21) (22) . Although MSCs are a promising source for cell-based therapy of diseases, potential challenges remain, including obtaining sufficient qualified MSCs with strong proliferation potential, low immunogenicity and significant MSCs characteristics for clinical application (23) .
MSCs can be generated from bone marrow, which is a major source of MSCs (24) . However, the extraction of cells from bone marrow is associated with painful harvesting and ethical constraint (25) . In addition, MSCs generated from bone marrow in elderly patients are fewer in number and have poor differentiation potential (26) . Therefore, it is difficult to obtain a sufficient quantity of qualified cells for successful therapies. Human umbilical cords (hUCs) are considered as another ideal source for the derivation of MSCs (27) . There are several advantages for hUCs as a source to generate MSCs: There is little ethical concern regarding the use of hUCs in research and in clinical therapies, as hUCs are considered as medical waste (25) ; human umbilical cord MSCs (hUCMSCs) proliferate rapidly during ex vivo culture and are considered to be immune privileged (28) (29) (30) ; and hUCMSCs may be cryogenically stored in cell banks, thawed and expanded for therapeutic use (25) . These characteristics make hUCMSCs an attractive candidate for the clinical application and therapeutic use of MSCs. However, to ensure the safe and successful therapeutic use of hUCMSCs, several concerns require addressing. It is understood that hUCMSCs require expansion ex vivo in order to obtain enough cells for application; however, few studies have investigated whether the characteristics of hUCMSCs are altered during ex vivo culture. In addition, the optimized time point for the use of hUCMSCs, in order to balance the quantity and quality of the expanded hUCMSCs, remains to be elucidated.
In order to elucidate these unknown factors, the present study examined four characteristics (morphology, proliferative ability, surface markers and immunological properties) of hUCMSCs during long-term ex vivo culture. hUCMSCs maintained their characteristics for a minimum of five passages during ex vivo culture. The present study assists in understanding the characteristics of hUCMSCs during long-term ex vivo culture and provides a foundation for the clinical application of hUCMSCs. Isolation and culture of hUCMSCs. The use of hUCs in the present study was approved by the ethics committee of the Third Affiliated Hospital of Xinxiang Medical College (Xinxiang, China). Informed consent was obtained from the mothers prior to labor and delivery of infants and the study was performed according to the principles laid out in the ethical principles of the Declaration of Helsinki. A total of six human umbilical cords were collected from full-term infants, delivered by caesarean section under sterile conditions, to generate different hUCMSCs. The hUC membrane and blood vessels were removed in order to obtain the Wharton's jelly. Subsequently, the Wharton's jelly was sectioned into pieces ~1 mm 3 . These small pieces were cultured in DMEM/F12 (Invitrogen Life Technologies, Grand Island, NY, US) supplemented with 10% FBS, 1% non-essential amino acids and 1 µg/ml stem cell growth factor. The cells were cultured in an incubator at 37˚C with saturated humidity and 5% (v/v) CO 2 .
Materials and methods

Materials
Proliferation analysis of hUCMSCs. Cells between passages 0 and 5 were selected for proliferative analysis. The cells were passaged at 80% confluence. For passage, the cells were treated with 2.5 g/l trypsin (Sigma-Aldrich, St. Louis, MO, USA) at 37˚C for 10 min, and then centrifuged at 800 x g for 10 min. The cells were then resuspended in 6 ml fresh culture medium. Following counting of the cells, using a Hausser Scientific Hemocytometer (Thermo Fisher Scientific, Inc, Waltham, MA, USA) according to the manufacturer's instructions, 3x10 5 cells were seeded into 10 ml medium in a 75-cm flask (cat. no. 430641; Corning Life Sciences, Inc., Tewksbury, MA, USA) and cultured in an incubator at 37˚C with saturated humidity and 5% (v/v) CO 2 . The cells were incubated and cultured for two days between each passage. The number of cells in each passage was recorded to generate a growth curve using GraphPad Prism 5 software (GraphPad, Inc., La Jolla, CA, USA) and each experiment was performed in triplicate.
Morphology of hUCMSCs. The hUCMSCs were dissociated from the tissue and cultured for 7 days. The morphology of the cells was observed using a microscope (magnification, x100; Olympus BX53, Olympus Corporation, Tokyo, Japan) at P0, P5 and P10. Representative images are presented in Fig. 1 .
Detection of the surface markers of hUCMSCs.
The MSCs (1x10 6 ) at P0, P5 or P10 were incubated with FITC/PE-conjugated mouse anti-human antibodies for CD14, CD34, CD45, CD29, CD73, and CD90 for 15 min at room temperature. Subsequently, the cells were washed twice with phosphate-buffered saline (PBS; Invitrogen Life Technologies), centrifuged at 800 x g for 10 min and resuspended in 0.5 ml PBS. The antibody-bound cells were then analyzed using a flow cytometer (FC500; Beckman Coulter, Inc.). The data from flow cytometry were analyzed using FlowJo software version 10 (http://www.flowjo.com). The values are presented as the mean ± standard deviation (SD; n=3). Cells incubated with PBS served as a control and all experiments were performed in triplicate.
Analysis of immunological properties. FITC-conjugated HLA-DR and PE-conjugated HLA-I mouse anti-human antibodies were incubated with 1x10 6 MSCs at P0, P5 or P10 for 15 min at room temperature. Flow cytometry was performed following the cells being washed twice with PBS, The cells were then centrifuged at 800 x g for 10 min and resuspended in 0.5 ml PBS. Cells incubated with PBS instead of antibodies served as a control. All experiments were performed in triplicate.
Statistical analysis. Data are presented as the mean ± SD. The results were analyzed using SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA) and statistical significance was assessed using a paired Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results
Morphology of the hUCMSCs isolated from hUC tissue does not change during ex vivo culture. In order to examine the morphology of hUCMSCs isolated from human umbilical cord tissue during long-term ex vivo culture, cells at P0, P5 and P10 were observed using optical microscopy. At P0, the cells started to migrate from the explants following culture of tissue for 6-7 days (Fig. 1A) . These cells then became long and thin with small cell bodies, typical morphological characteristics of MSCs, in the following days. Following culture for 14 days, the cells reached 80-90% confluence and were ready for passage. At P5 and P10, the cells exhibited similar morphologies to the P0 cells (Fig. 1B and C) . In addition, the cells reached ~80% confluence after ~14 days at P0 and after 3-4 days at P5 and P10. These results suggested cells isolated from hUC tissue exhibit the morphology of MSCs and expand rapidly without visible changes in morphology following long-term ex vivo culture.
hUCMSCs exhibit high proliferative ability during ex vivo culture. In the present study, hUCMSCs were expanded rapidly ex vivo, as the duration required for these cells to reach confluency following passage was shortened between P0 and P5. In order to accurately measure the proliferative activity of these cells, the total cell number was calculated at each passage between P0 to P5. The results revealed that the number of cells was ~10 6 at P0, and increased to 20.6±0.44x10 8 at P3, 8.87±0.59x10 9 at P4 and 3.61±0.31x10 10 at P5. The growth curve demonstrated a clear increase in cell number between P0 and P5 (Fig. 2) , indicating the marked proliferative ability of these cells during ex vivo culture. Of note, the quantity of cells at P5 was sufficient for the majority of clinical applications.
Characterization of surface markers of hUCMSCs in ex vivo
culture. To determine the properties of hUCMSCs during ex vivo culture, the specific molecular surface markers of hUCMSCs in cultures were examined. Flow cytometric analysis revealed that 99% of the cells exhibited positive expression of the CD29, CD73 and CD90 hUCMSC markers at P0 (Table I ; Fig. 3A-C) . Whereas these cells negatively expressed the CD14 monocyte marker, and the CD34 and CD45 endothelial and hematopoietic markers at this stage (Table I ; Fig. 3D-F) . These results indicated that the isolated cells were purified MSCs. Following expansion ex vivo, the percentages of cells expressing MSC markers at P5 and P10 were maintained at high levels (≥99%; Table I; Fig. 3A-C) . In addition, few cells expressed the monocyte, endothelial and hematopoietic markers at P5 and P10 (Table I ; Fig. 3D-F) . These results suggested that the molecular characteristics of hUCMSCs were maintained following ex vivo expansion. Table I . Percentage of human umbilical cord mesenchymal stem cells expressing different markers at P0, P5 and P10. P  CD29  CD73  CD90  CD14  CD34  CD45  HLA- 
Positive surface markers (%) Negative surface markers (%) Immunological markers (%) --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
A B C
Immunological properties of hUCMSCs are altered at P10. The immunological properties of hUCMSCs were examined during ex vivo expansion. The results revealed that the percentage of cells expressing HLA-DR [major histocompatibility complex class I-(MHC I)] was retained at low levels during ex vivo culture at P0, P5 and P10 (Table I ; Fig. 4A ).
In addition, the percentage of hUCMSCs expressing HLA-I (MHC I) at P0 and P5 (Table I ; Fig. 4B ) were maintained at a low level, suggesting that these cells can be applied for therapy without the requirement of strict MHC I matching.
However, the percentage of hUCMSCs expressing HLA-I was significantly increased to 11.46±0.92% at P10 compared with that of P0 and P5 (P<0.05) ( Table I ; Fig. 4B ). This suggested that the immunological properties of hUCMSCs were altered following long-term ex vivo culture.
Discussion
Previous studies have demonstrated that MSCs are multipotent and may differentiate into a variety of cell types ex vivo, including bone, cartilage, fat and neural cells (1) (2) (3) (4) (5) . These characteristic of MSCs implies that they have potential applications for tissue engineering and cell-based therapies in the future. Previous studies have demonstrated that MSCs also have therapeutic potential for the treatment of neurodegenerative diseases and cancer (31) (32) (33) (34) . However, several challenges remain in the clinical application of MSCs, including the acquisition of qualified MSCs. It has been demonstrated that injections of allogeneic UCMSCs elicit an immune response (35) , which may be due to the use of unqualified MSCs with altered characteristics (36) . One technique to avoid using unqualified MSCs following ex vivo expansion is to monitor their characteristics during ex vivo culture. In the present study, the characteristics of hUCMSCs were examined during long-term ex vivo culture. The morphology of the hUCMSCs remained consistent during culture and exhibited a typical MSC morphology. In addition, the hUCMSCs retained a marked proliferative ability and expanded rapidly ex vivo between P0 and P5. Furthermore, the expression of surface markers was examined in the hUCMSCs cultured ex vivo; the results demonstrated that these cells positively expressed CD29, CD73 and CD90, which are specific surface markers of MSCs, whereas they negatively expressed the CD14 monocyte marker and the CD34 and CD45 endothelial and hematopoietic markers. These molecular characteristics were maintained following the passage and culture of MSCs for 10 passages ex vivo. The immunological properties of the hUCMSCs were also investigated during ex vivo culture and revealed that it was possible to passage hUCMSCs to P5 without change of immune characteristics; however, the number of cells expressing HLA-I was significantly increased when the hUCMSCs were passaged to P10. These results indicated that the hUCMSs maintained their characteristics for a minimum of five passages during culture ex vivo and suggested that it may be beneficial to use hUCMSCs, which are expanded for fewer than five passages for allogeneic transplant or other cell-based therapies. Although the present study identified no significant changes were detected in hUCMSC morphology, proliferative activity, surface marker expression or immunological properties between P0 and P5, whether other differences, including heterologous cells, exist among different passages remains to be elucidated.
hUCMSs have the potential for rapid expansion ex vivo (37); this is a vital characteristic of MSCs, as rapid proliferation may generate enough cells for tissue engineering and cell-based therapies. The present study observed that MSCs expanded rapidly during ex vivo culture, with an increase in the number of MSCs between 1x10 6 at P0 and 1x10 10 at P5. These figures meets the requirements of most therapies using MSCs or their derived cells. Of note, these MSCs retained qualified status at P5, as their molecular characteristics and immunological properties were maintained. Collectively, the results identified an optimized time window, prior to passage 5, to obtain enough qualified MSCs for clinical application. However, the ex vivo data presented in the present study requires confirmation with additional experiments to determine whether the use of MSCs at P0 or P5 have different responses in in vivo transplantation and cell therapy.
In conclusion, the results of the present study demonstrated that hUCMSs exhibited a typical MSCs morphology, retained marked proliferative ability, maintained the expression of specific surface markers and exhibited low immunogenicity between P0 and P5 in ex vivo culture. These characteristics highlight MSCs as a promising candidate for clinical application in allogenic transplantation and other cell-based therapies.
